INTRODUCTION
Malaria is a devastaing tropical disease affecting 100 countries worldwide. Plasmodium falciparum and Plasmodium vivax are the predominat parasite species responsible for 300 to 500 million clinical cases per year. Plasmodium falciparum infection causes the death of approximately three children each minute in Africa. 1 Although great efforts have been made to develop an effective malaria vaccine and more than 70 malaria vaccine candidates have been under investigation for the last decade, only the RTS,S a P. falciparum vaccine candidate based on the circumsporozoite (CS) protein is ready to enter phase III clinical trials. [2] [3] [4] [5] In the case of P. vivax, the second most prevalent malaria species, only two parasite antigens, the sexual P. vivax surface protein 25 ( Pv s25) expressed during the sporogonic cycle and the CS protein expressed during the pre-erythrocytic phase of the cycle, have undergone phase I clinical trials. [5] [6] [7] Further development of these P. vivax vaccine candidates has been difficult mainly because of limited resources and the generalized misconception that P. vivax is a benign malaria species with minor epidemiological importance. 8 Moreover, the lack of continuous parasite cultures seriously impedes the discovery of more parasite antigens with vaccine potential. 9 The CS protein has been selected because it is a multifuncional protein abundantly expressed on the membrane surface of Plasmodium sporozoites as well as during the parasite liver phase. 10 The CS protein has been shown to be involved in the parasite's hepatocyte invasion process 11, 12 and specific antibodies produce a precipitation reaction on the parasite surface that abrogates the parasite invasion capacity. 13, 14 Moreover, the CS protein is predominantly recognized by sera and cells of individuals naturally exposed to malaria in endemic areas or from animals and humans rendered immune by experimental immunization with radiation-attenuated sporozoites. [15] [16] [17] [18] During the past few years, we have been developing a P. vivax CS-based vaccine. 19 Vaccine formulations based on the synthetic polypeptides corresponding to different regions of the CS protein and Montanide ISA 720 adjuvant have been proven to be safe, well tolerated, and highly immunogenic in a previous phase I vaccine trial conducted in Colombian naive volunteers. 6 The phase I trial was conducted using escalating vaccine doses (10, 30 , and 100 μg/dose) of three synthetic domains corresponding to the amino (N), central repeat (R), and carboxyl (C) regions of the CS protein formulated individually in Montanide ISA 720. Because it has been considered or suggested that the central repeat domain, which is highly immunogenic, represents an immune "smoke screen", the rationale of that first trial was to determine the immunogenicity of each of the three protein domains independently. All three proteins induced high titers of specific antibodies that cross-reacted with P. vivax sporozoites and the production of interferon-gamma (IFN-γ) both in Aotus monkeys and in humans. 6, 20 Additionally, antibodies to the three regions were able to partially block sporozoite invasion. 6, 7 We designed a pre-clinical trial in mice and monkeys to assess here the immunogenicity of a combination of the three peptides formulated in Montanide ISA 720 or in Montanide ISA 51. Both adjuvants have been previously used extensively in clinical trials addressed to test vaccines against malaria and other infectious pathogens. 7, [21] [22] [23] [24] 
MATERIALS AND METHODS
Vaccine formulation. The N protein comprises amino acids 20-96 of CS protein and constitutes a 76-mer peptide, the R peptide is a hybrid 48-mer peptide, type I or common sequence (VK210) that contains three repeats of the GDRADGQPA motif, and collinearly linked to a universal T-helper epitope from the tetanus toxin 25 and the 71-mer C protein is composed of amino-acid residues 301-372 of the CS protein. The C-terminal protein containing 4-Cys was oxidized according to Verdini and others. 26 Peptides were synthesized under good laboratory practices (GLP) conditions using solid-phase fluorenylmethoxycarbonyl (F moc) chemistry. 27 The mass and purity of the peptides were assessed by high performance liquid chromatography and mass spectrometry and was higher than 85%. 6 Proteins were lyophilized, packaged, and both
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Immunogenicity studies in BALB/c mice. Twenty-four BALB/c mice 3-5 weeks of age were randomly selected and distributed to test and control groups of six animals each that were used to test the immunogenicity of the synthetic proteins. The experimental groups (A and B) were injected in the base of the tail three times at 3-week intervals with 50 μg of each individual peptide, for a final dose of 150 μg in a volume of 0.3 mL. The mixture of the three peptides was emulsified in either Montanide ISA 720 (Group A) or Montanide ISA 51 (Group B). The first immunization dose (given on Day 0) contained the peptides N and C only with the rational of preventing the potential immuno-dominance the B-cell epitopes contained within the R peptide. Immuno-dominance of this fragment has been previously observed in both natural conditions and in experimental potency test studies. 6, 20 The two boosting vaccine doses in contrast, contained all three (N, R, and C) peptides. The control groups (Groups C and D) were injected with the same immunization schedule and route, with saline solution (0.9%) emulsified with the two adjuvants, respectively ( Figure 1 ). Approximately 150 μL of blood were collected from the tip of the tail on Day 0 and before each immunization. Sera was obtained by centrifugation and kept at −70°C until use.
Immunogenicity studies in Aotus monkeys. Twenty-four healthy adult Aotus lemurinus griseimembra monkeys were randomly selected from a larger group of animals from the Primate Center (FUCEP) of Cali, and were assigned to test and control groups of six monkeys each. The immunized group received 100 μg/dose of a mixture of P. vivax CS synthetic proteins, and the control groups received saline solution (0.9%) formulated in the same adjuvants. Both preparations were formulated in Montanide ISA 720 and Montanide ISA 51 adjuvants as described for the mice. Animals were immunized subcutaneously three times with the peptide mixtures describe previously at 0, 2, and 4 months with a total volume of 500 μL of vaccine. Sera were obtained from blood samples collected before every immunization as described elsewhere. 6, 7 Peripheral blood mononuclear cells (PBMC) were also collected before inmmunization for evaluation of IFN-γ by enzyme-linked immunosorbent spot (ELIspot) assay.
Serological studies. Animal sera samples were evaluated using an enzyme-linked immunosorbent assay (ELISA) as described elsewhere. 28 Mice and monkey sera from each group were individually tested. Briefly, antibody response was measured by ELISA using the N, R, or C proteins (1 μg/mL), as described previously. 28 Immunoglobulin G (IgG) antibodies were detected using phosphatase-conjugated antihuman or anti-mouse immunoglobulins (Sigma Chemical Co., St. Louis, MO) at a dilution of 1:1,000. The enzymatic activity was developed after incubation for 45 min at room temperature with para-nitrophenyl phosphate substrate. The final reaction was read at 405 nm in a microplate reader (MRX; Dynex Technologies, Inc., Chantilly, VA). Cut-off points were calculated as three SD above the mean absorbance value at 405 nm of sera controls. The final reaction was read at 405 nm in a microplate reader (MRX; Dynex Technologies, Inc.). Cut-off points were calculated as three SD above the mean absorbance value at 405 nm of sera controls. Controls were selected from a pool of sera from malaria-naive (negative controls) from mice or monkeys depending on the species being evaluated. Antibody titers were established as the last test sera dilution giving absorbance values greater than the mean of normal control sera plus two SD. The ELISA titers of < 1:100 were considered negative.
To determine the recognition of the native CS P. vivax protein by mice and monkey sera, immunofluorescent antibody test (IFAT) was performed as described elsewhere 6 using P. vivax sporozoite antigen obtained by salivary gland dissection of P.vivax -infected Anopheles albimanus. Colonized mosquitoes had been experimentally infected using an artificial membrane feeding device loaded with human blood containing P. vivax parasite infections, as described elsewhere. 29, 30 The IFAT were performed with sera from either mice or monkeys from control or test groups, using 2-fold sera dilutions in phosphate buffered saline (PBS) starting at 1:100. Sera dilutions were incubated on antigen slides in a moisture chamber at room temperature for 30 min. The slides were then washed three times with PBS, and goat antimouse and goat antihuman IgG FITC (KPL, Gaithersburg, MD) conjugates were used as secondary antibodies for mice and monkey samples, respectively. Slides were then incubated as described previously, mounted with 50% glycerol, and evaluated with a fluorescence microscope (Nikon, Avon, MA). Antibody titers were determined as the reciprocal of the end-point dilution that showed positive fluorescence as described previously. Single-cell IFN-γ release in monkeys. Monkey PBMC were separated from whole blood using Ficoll Histopaque (Sigma-Aldrich, St. Louis, MO) density gradients, and were resuspended in RPMI 1640 medium (Gibco, Grand Island, NY). IFN-γ-producing cells were identified using a commercial IFN-γ ELIspot human kit (Mabtech AB, Stockholm, Sweden). Spots were counted with a spot-counting system (Scanalytics, Fairfax, VA), and results were expressed as the mean number of IFN-γ spot-forming cells (SFC) per 10 6 PBMC. Monkeys were considered responders if the number of SFC in their samples had increased from their own baseline level (before immunization on Day 0).
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Statistical analysis. Comparisons of interest were between adjuvants and peptides. Antibody titers and IFN-γ production were compared among peptides and adjuvants using Wilcoxon signed-rank test. The P values < 0.05 were considered significant. A descriptive analysis was done to evaluate trends in humoral and cellular immune responses in each study group.
RESULTS
Immunogenicity in BALB/c mice. Mice immunized with the mixture of P. vivax synthetic proteins developed specific IgG antibody titers against the three domains. As observed in Figure 1 , N and C peptides induced a faster and higher antibody response than the R peptide as expected, because they received the mixture of three peptides on the second and third immunization. The C peptide induced the strongest response, and antibodies reached the highest titer (10 4 ) to the C peptide after the first immunization. Both adjuvants and boosting effect were observed after second and third immunization with better responses (8 × 10 6 ) when Montanide ISA 51 was used. The N polypeptide reached similar titers (10 4 ) after the second immunization with Montanide ISA 720 or Montanide ISA 51 formulations. The R peptide was slower to respond, the highest titer (10 4 ) was reached after the third immunization with Montanide ISA 720. Mouse sera were reactive with native sporozoite proteins by IFAT, and all of them reached titer of 1:640 in both experimental groups (data not shown). In general, although there were differences in the antibody titers elicited by the different peptides, there were no significant differences for the individual peptides formulated in Montanide ISA 720 or Montanide ISA 51 ( P = 0.80). Sera from control groups did not recognize the synthetic peptides or the parasite.
Immunogenicity in Aotus monkeys. All vaccine formulations were immunogenic, although Montanide ISA 51 formulations induced better antibody titers to N, R, and C antigens. The ELISA titers ranged between 10 4 and 10
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. After immunizing the monkeys with the mixture of peptides the antibody response to N protein was faster and more consistent than against R and C proteins. Whereas antibodies to the N protein reached highest titers soon after the first immunization and in most of the animals immunized with C peptides, but as expected antibodies to R reached high titers only after the second or third immunization, corresponding to priming and first boost doses for peptide R. Antibodies remained detectable for up to 8 months after the last immunization with titers of 1 × 10 5 . Formulations in Montanide ISA 720 also induced more consistent responses to N protein than to C fragment ( Figure 2 ) . Differences for the vaccine formulated in Montanide ISA 720 or Montanide ISA 51 were not significant ( P = 0.83).
All sera collected after the last immunization was assessed by IFAT for their reactivity with sporozoite surface proteins. Sera of both experimental groups specifically recognized P. vivax sporozoites. On Day 30 post last immunization, antibody titers in monkey ranged from 1:500 to 1:2,000 for the group immunized with the Montanide ISA 51 formulation, whereas it presented lower antibody titers (1:100-1:500) in the group immunized with the Montanide ISA 720 formulation ( Table 1 ) .
Single-cell IFN-g production in monkeys. The PBMC from immunized monkeys produced significant amounts of IFN-γ upon stimulation with some of the synthetic domains as determined by ELIspot. Cells from monkeys immunized with the synthetic polypeptides formulated in Montanide ISA 51 produced higher amounts of IFN-γ after stimulation with N protein than with C and R antigens. In general, a lower IFN-γ response was observed in PBMC cultures from monkeys immunized with the proteins formulated in Montanide ISA 720 ( Figure 3 ) . However, the differences of IFN-γ production in response to both adjuvant formulations did not present statistical significance ( P = 0.07). The specificity of IFN-γ production was demonstrated by negative results obtained from a control group. All cells stimulated with PHA released high levels of IFN-γ.
DISCUSSION
Here, we report the immunogenicity of two vaccine formulations based on synthetic polypeptides containing defined domains of the P. vivax CS protein, emulsified in two adjuvants currently being assessed with malaria vaccine candidates intended for human use. We had the opportunity to test similar vaccine formulations in mice and monkeys, and later on in humans. 31 The reproducibility of the data obtained here with previous studies 6 using similar synthetic protein fragments is encouraging for further vaccine testing. In preliminary studies we had tested the immunogenicity of the individual synthetic protein fragments individually, both in animals and humans, 6, 20 with the rationale of selecting the most immunogenic and functionally active CS protein domain. Because all three fragments were immunogenic and antibodies partially blocked in vitro parasite invasion to hepatic cells, we decided here to assess the immunogenicity of the three peptides, giving some advantage to the N and C protein fragments. This rationale is supported by the fact that the native CS protein of all Plasmodium species contain a highly repetitive (R) central domain covering approximately 50% of the protein sequence. 17 Although antibodies to the R domain are capable of blocking sporozoites invasion into hepatocytes, it is considered that a high immunodominance of this domain may represent an immune "smoke screen" developed by the parasite to survive. In this case, a vaccine based in the full length sequence would not be desirable.
Additionally, because the regions flanking this R domain contain functional stretches (RI and RII regions) that participate in parasite invasion to the host cells, 32 it is likely that at least in P. vivax other protein regions may be immunogenic and effective in eliciting protective immune responses. The P. falciparum RTS,S vaccine candidate has been constructed with sequences representing the R and the C region of the P. falciparum CS 2 known to contain strong B-and T-cell epitopes, respectively. 33 Apparently, for the RTS,S construct the N region of that protein was not considered important; however, in the case of P. vivax we have evidence to believe that the N fragment has greater vaccine potential. 34 The high immunogenicity displayed by the N region of the CS here, is in agreement with previous serological studies performed before, not only with P. vivax 35 but more recently also with P. falciparum , 36 where the N region induced better immunogenicity under natural conditions. Additionally, it reproduces the finding of a former preclinical study in Aotus monkeys where N fragment was more immunogenic. 20 Although those studies indicated good immunogenicity of the three fragments when delivered individually, formulated in Montanide ISA 720 using a three dose immunization regimen, the N fragment induced better responses. Recently, it has been observed that the N fragment of the CS of P. berghei contains an aminoacid sequence located in the highly conserved RI that requires cleavage before parasite invasion of the hepatocyte. Cleavage occurs extracellularly on the sporozoite surface when parasites contact target cells and the sulfation level of liver heparan-sulfate proteoglycans (HSPGs) were identified as the trigger of this event. 37 In addition, recent studies indicated that antibody response specific for the fragment 65-110 are associated with protection. 36 The approach for formulating the vaccine as a combination of the different CS fragments was done for two reasons. First, Figure 2 . Antibody response of sera from Aotus monkeys vaccinated with a mixture of N, R, and C peptides of the Plasmodium vivax circumsporozite (CS) protein formulated in Montanide ISA 720 or Montanide ISA 51, respectively. Groups of six monkeys were primed with 100 μg of each N and C peptide and two boosting doses of 300 μg of the mixed peptide (N + R + C) at 0, 2 and 4 months. Antibody titers were followed 6 and 8 months post immunization. Enzyme-linked immunosorbent assay (ELISA) titers < 1:100 were considered negative. it was to determine if there was any protein fragment interference (synergy or antagonism). Although we did not test in parallel the individual peptides, previous studies appear to indicate that there was no immunological interference among these polypeptides, as immune responses were very similar to those observed when the three fragments were administered individually. 28 Second, we wanted to offer some advantage to the N and C regions by giving three doses as compared with the two doses of the R region. It appeared that under those conditions, the R region did not present any dominance over the N and C flanking regions.
The BALB/c mice responded better to the C fragment than to N or R regions, whereas both Aotus in this study and humans in former studies responded better to N fragment. It is not surprising that BALB/c mice did not respond as this is a syngeneic strain, whereas primates are outbred species; however, it indicates that this mouse strain does not reflect the responses achieved in primates, therefore in this case, Aotus monkeys are better predictors of the immune responses elicited by vaccine formulations intended for human use. Most preclinical vaccine studies include the use of syngeneic mouse strains that may not reflect the major histocompatibility complex (MHC) diversity to be faced with human populations . Because of the scarcity of primates and the consequent high cost, numerous groups are currently moving vaccines from mice to humans without considering the predictive value of preclinical studies. Biologically, this may be simply because of different antigen processing and epitope recognition by MHC molecules between rodents and primates. 38, 39 For vaccine optimization, it is also important that the immunogenicity of P. vivax domains using Montanide ISA 720 formulations in the preclinical studies are reproducible in a phase I trial, 6, 20, 34 and that Montanide ISA 51 displayed a similar or slightly better response. If not better responses could be achieved in further trials with other adjuvants, Montanide ISA 720 or Montanide ISA 51 would be accurate in terms of safety and tolerability.
The immunogenicity of P. vivax polypeptide using Montanide ISA 720 have been previously studied by our group as individual or mixed formulation. 34 There is a great consistency in the antigenicity 28 and immunogenicity of these peptides formulated in this adjuvant in Aotus monkeys and the results obtained in humans immunized with the same formulation. 6 In both humans and monkeys the N-terminal region of this protein has always been the most frequently recognized when formulated in Montanide ISA 720. Antibodies against the native protein tested by IFAT were much higher in monkeys immunized with vaccine formulated in Montanide ISA 51 (1:2,000) than those formulated with Montanide ISA 720 (1:500). Although, in previous studies higher antibodies titers (1:800 to 1:51,200 on Day 30 post immunization) were obtained in monkeys immunized with the same vaccine formulation by IFAT. These results may be explained by batch variability.
Although there are contrasting results regarding the protective role of anti-CS antibodies, it has been repeatedly shown that they are able to in vitro inhibit sporozoite invasion to hepatic cells, [40] [41] [42] to prevent infection in mice and monkeys injected with live sporozoites. 43, 44 Additionally, anti-CS antibodies appear to be associated with protection against natural exposure of vaccinated 45, 46 and non-vaccinated human volunteers. 47, 48 Although a recent study indicates that there appears to be no association between levels of anti-CS antibodies and protection, 49 a possible explanation for these discrepancies may be the different antigens used for antibody detection. The CS antigen is a large protein with numerous B-cell epitopes distributed along its entire sequence and therefore while antibodies to certain regions might not be associated with protection, antibodies to epitopes comprising or related to functional domains, i.e., those comprising region I within the N region may block the protein cleavage necessary for parasite invasion and are likely to be associated with protection. 36 Concerning cellular immune responses as assessed by IFN-γ production, there was consistency in the production of IFN-γ induce by the N fragment in monkeys and humans; production of high levels of IFN-γ is critical to prevent the development of parasite liver stage. 17 We therefore consider that an effective vaccine directed to protect against malaria pre-erythrocytic stages must elicit vigorous antibody and T cell responses. 19 Monkeys and chimpanzees have been recognized as ideal models to study pre-erythrocytic malaria vaccine candidates, [50] [51] [52] and we have extensively proven the great value of Aotus monkeys for malaria vaccine development. 52 Although this model has not yet been validated, in this study we have showed that the immune responses against the P. vivax CS protein in Aotus are similar to those observed in humans immunized with the same vaccine formulation, whereas they differ from results in mice. This may be caused by different polypeptide processing and HLA recognition by these two animal species. 38, 39 Ongoing studies have showed significant homology between human and Aotus MHC molecules (Ampudia E, unpublished data ) as well as epitope recognition in both species.
In conclusion, P. vivax CS individual domains have indicated good immunogenicity in mice and Aotus monkeys vaccinated with the three domain combination, and appear that no immunological interference is produced among the three different fragments. Despite the fact that the vaccine formulations in Montanide ISA 51 induced a trend of better immune response, no statistically significant immune response was observed . Therefore, the same vaccine formulations should be tested in humans to select the best one for further studies. Finally, care should be taken on the selection of malaria pre-erythrocytic antigen candidates for further development into clinical trials on the basis of the results obtained in animal models.
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